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BUCKLING OF STEEL CYLINDERS CONTAINING CIRCULAR CUTOUTS
REINFORCED ACCORDING TO THE AREA REFLACEMENT METHOD

R. C. Dove, J. G, Bennett,* T, A. Butler
Group Q-13, Los Alamns National Laboratory
Los Alamos, New Mexice

Abstract:

The effect of the use of the area replacement method (ARM) for reinforcing circular penetraticns ir
cylindrical stee) shells has been studied both experimentally and analytically. How this type of reinforce-
ment affects the buckling strength of a shell subjected to uniform axial compression is the specific area of
investigation. In shells tnat are of such & quality that the penetration reouces the buckling strength, the
use of the ARM will increase the buckling strength of the shell, In any case, the conservative “"knockocwr"”
factors sugg.sted for buckling design by the American Society of Mechanica) Engineer’'s (ASME) Boiler arc
Pressure Vessel Code should ersure ar adequate margin to failure under this loading condition.

Introduction:

Steel containments currertly in use in reactor plant designs are basically large pressure vessels tnat
consist of rylinarical sectiorns 1n comtination with a dome head (Fig, 1). Tne cylindrical secticn of the
vessel has numerqus penetrations, usudlly circular, for piping, personnel, and equipment access, Becaus of
a rumber of luacings that will preauce compressive states of stress in the walls of the vessel, the des gr
must be exarined for pctential buckling., There are several questions that arise regarding the method or
methods used to design these containments but th 3pec111t question addressed in this research concerns the
use of the ASME Eciler and Pressure Vessel Code rules for reinforcing around the penetrations, Tris
tode covers the reinforcing recuirements for openings in shells ang formed hezus that is commenly knouwn as
the AKM, The purpese of this study was to investigate the Lse of the ARM for “fabricated” steel cylinaers
Yeadec in axial compressior ard having large circular operiings, The radius-to-thickness ratio is 1n the
range of tnat used for & nuclear pewer plant steel containment, A “"fabricated" cylinder 1s here cefinec as @
cylinder constructed by norma) rolling and welaing shop practices to normally specified engineering
tolerances.,

ﬁefpgte: Luch Ving rosearch or shells containing cutauts is summarized in Ref, ¢, 1In addition, Miller ar:
Grove 1) geserily thear ow Experararnts or Mylar plastic cylindrical shells with reinforced circular opers
trat. Bavcocr (20 nas alse corgy ted buth Ying tests on axyclly Jeaded right circular cylinders constructe
cf Mytar plastrc, and “tarnes ) Conctructed ang testea 16 right circular cylinders made of Mylar,

Llrr tr ang kMo lne . (00 tentee alurirur ¢ylinders machined from 8 uminum tuting; rectanqular cutaits, witt

anc witheut rernforcerert, wele evaluated,

1t g ampertart te neve that:

1) Aot of these tests mere (uncuctea on “fabricated” steel cylinders as defince i1 the prececing
secticn,

1 1r these terts, each tylinder that was tested with a cutoul was first tested before the cuta.t was
rage Lo estat linh a reference buck Ving loac for that particular cylinder, This was possitle since
Mylar can br turkleg rary times with orly necltgit le damage. The buckling geforration of the alum .
rur Cylincers yoed Lty himrctt ard Helmes was Timited by ¢ mandre) 5o that Lhey could also be re-
peatedly huts led,

with the Lachground giver 8love, we are now in g position to give 4 statement of the problen specifically
ftvest fgated 1n thiy rescarch, Whern g fabricated stee) shell structure s subjected te an ax1a) Josd the
back 1ing strengtr 1y gffected by roreraie fociors, but the specific factors under 1nvest1?a\ion in this
reoedrct are the aree removed by A cutout and the snount that the cutout s reinforced., The AMME code s 0.
fies hom the removed arca {the tuta,t) 15 Lo be replaced (1.e., how the cutout ‘s to be reinforcea) so that
the strength of o pressuce vested widll be undiminished, The questifon to be sddressed 15 "will use Of tr:
AMiahkE 4r g shel] cortatring a cutout end subyected to an axial compressive load ensure that the buckling
strengin ts also un¢iminished?
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Description of the Test Cylinders:

Thirteen right circular cylinders were constructed of A321 stainless steel sheet as shown in Fig. 2. AN
cylinders hac a nominal radius (P) to thickness (t) ratio (R/t) of 460, and a height (h) to diameter (0)
ratio (h/D) of 1.09. Three of the cylinders cortained no cutout and were used to establish the buckling
load, and, thus, the "knockdown" factor for the fabricated shells constructed by the rolling and seam welging
technique used in this study. Ten of the cylinders containred circular cutouts made by prépunching the open-
ing at the cylinder midplane before rolling and seam welding. The ten cylinders that contained a cutout had
a rominal cutout racius (r) to y Rt ratio of r/\Rt = 3.64. Tnis dimensionless ratio is widely used tc
characterize cutout size. Eight of the cylinders containing cutouts were reinforcec according to the A7Mi-
ARM procedure. Tne amcunt of reinforcement |Area replaced (Ay) to area removed (A)], Ar/A varied
between 0 anc 100%.

Comparitons of the various dimensions and ratios of the cylirders used in this study to those usec in
previous research by others are given in Table I. Comparison is also made to the Watts Bar Nuclear Plant
(WENP) containment, The "cutout™ used from the WEWF data is the large equipment hatch, typically the largest
opening in a containment shell,

TABLE |
RELATIVE SHELL S1Z2ES
Lcs Alamos Miller Babcock Starnes Almroth WENT
Tests (Ref. 2) (Ref. 3) (Ref._4) (Ref. 5)
Material A3:1 S8 Mylar? Vylar? My lar3 6061-T6 Al Tubed Steel
R/t 260 568 a1 400 430 460
533 675
800
T eraft 3.60 6.36 1.28 0-6 Note #5 3.73
n/b 1.09 1,00 0.97% 1.25 1.00 1.00
Ayl 0 - 100% 0 - 1004 Note #) Note #1 Nete #) -—--

TTYr e tests @10 net Ynyclve ASMELARN peinforcemert,
. A single cylinger, nxaw?ec ar.l retested

.16 cyianaers. €coh ore retested after mocdrfacation.
. 1) cylingers, each ore retestea after mochfication.
. Rectangular cutouts,

B LNY-4

{ate were tarer on the tent cylinders to characterize the magnitude and forn of the geometrical
rperfections Introduces by the falricating process usec to construct the test cylingers, These measure-
et A distussed M kef, 6.

Esperamertal Studies:

The cylinders used In thrse tests were frs’rumenteo using bonded resistance strain gages Te-ated o
showt a0 Fou A Thene gaus wrg 1rstalled to determing the distrilut.on or stredn and, Ly ntarerce,
the magrituge of the menbLrane and luca) bending stresses,

The ¢ylinder to be tested was mounted in a 222,400 N (50,000 1b) MTS hydraulic testing machine,
Trirtecr-m=(0.& in,)=thick teflor pads were placed between the cylinder enos % the testing machine
sclf-aligning neaos, The typical test proce‘ure consisted of loading the Cylinder to approximately 2%
of the eope-tec buck 1ing 1oad while mar itoring the exial memtrane strain around the top of the cylinder,
11 ne essary, the cxlinder was tten unloaded and retated and/or shimmed to give & mere uniform gistrila-
tion of load, This acdjustment of load was repeatrd as necessary until the mertrane strain at the tor of
the cylinder was as uniforn as prssible, The cy! nder wui then loaded to, and beyond, the bucxiing potr?
Ut 1hg & cross-head loading rate of 0,50 m (0,100 in,) per minyte, The $tratin gages, “he cross-head
positior, and the 10ad cel) were maritored and recor 2ou continuously with the cata being fed into an
or=line torjuter ized dats redurt.or syctem,

Tat te 1] summartzes, the results of the experiments, In the litersture, it is customary to report
"snochgown factors” or "capac ity reduction factars® (a) &y the ratio of the messured buckVing ioad (F)
te the classical burk Ving laad (Pey), that *s, a » P/Fcy. The classical buchling load for cylin-
gers used 1h these teste under 8 yniform ax1al loed fs gtven by

N 4
by v el » 203.0 kN (45,630 1b),
31



where = Young's modulus of elasticity = 206.8 GPa (30 x 106psi);
t = wall thickness = 0.508 mm {0.020 in); and
v = Poisson's ratio = 0.3.

Figure 4 1s taken from Ref, 7 and is a plot of tha capacity reduction factor for use in the design of
fab-  ted shells with nc cutouts when the length parameter M = L/\/Rt is greater than 10. Because the
ratic ’Vﬁl for the cylinders used in this study is 42, this curve applies. The ratios of P/P.y for the
three st cylinders without cutouts and their average values are shown on this figure.

In 7 'ble Il we have also reported values of "first detectable buckle." This value is the lpad for which
the shell exhibited the first indica..on of impending failure by structural instability. In nearly all tests
this load was accompanied by the buckle appearing in the shell wall as an elastic “snap through," detectable
by both sourd and a "jump" in several of the strain gage records. Configurations after the first detectatle
buckle were always stable and generally barely detectable in the load versus cross-head displacement curves.
Since these first detectatle buckles are local in nature they may be highly dependent on the magnitude of tne
loca) imperfections.

The data obtained from the test cylinders containing cutouts (tests 4-13 in Table I]) have been plotted
in two ways. First, the average buckling load for the three cylinders without cutouts (tests 1-3, Table 11)
is computed. This value, Pqy, s found to be 49.82 kN (11,200 1b). The buckling load of each cylinder witn
2 cutout is then divided by Pq to obtain the ratio of P/Py. Figure 5 shows the ratio of P/P, plotted
vs the percentage of reinforcement together with data taken from Ref. 2. The data from the present tests dc
not fit the trend established by the cata from Ref. 2 and, hence, do not directly support the conclusion tnat
when a cutout is reinforced with A./A of 100%, the buck1ing strength is at Jeast as great as that of 2
cylinder without a cutout.

The apparent discrepancy between the results of the prescnt tests and the data taken from Ref. 2 can be
attriruted to cylirder quality, method of obtaining Pqy, and the actual load distribution appliied to the
cylindger. The first two effects are discussed in the remainder of this section. Effects of load oistrit.-
tion are discussed in detail in Ref, 6.

The discrepincy car be partially explained by plotting the ratio of actual buckling load for each cylinder
to the classical value, ng {see Fig. 6). In this figure, reinforcement is not being considered. Mence,
only data from 'no cutout' tests (F a 0) and unreinforced cyt0ut tests (A./A = O) are considered. The
solid line curves are reprcaucec fror kef. 4, As Starnes (4 points out, with high quality snells (P/P¢)
2 60% for cylingers used in his tests) a smal) hole (say ¥ < 0.%) has no effect nn buckling load tecause
the effect of the hole "is aprarently too small to cause buckling before the shell buckles inte the genera)
collapse mode due to some other imperfection," Progressively larger holes cause the buckling load to pro-
gressively decrease as shown in Fig. 6.

Tne fatricated shells usec ir the presant tests were of poor quality., For the three shells tested withe
out cutouts, the vatues of P/Pcy were 71,6, 25.6, and 26.4%, However, 2s shown in Fig, 4, these are tie
velues to Le expectec i fabricated chells, and as shown in Fig. 6, the data from the pregert tests alsc
suppert the speculaticr rscassed ateve, Specifically, with a cutout stze such that r,/\ Kt = 3,64, 1t 18 nct
Clear that ever the urretnforced cutout sigrificantly changes the buckling load. See data points (@ on
Fig. 6.

Supporting Aralyses:

A firnite elsmeet comnputer coae has heer gpplied to the same problem to support the experimental work tral
has beer descrited. £ conplete ciscustron of this analysis is given in Ref. 6. Resulls are sumrarized
here. First, the code proagicts a cratacal buck 1ing load of 971 of Py, that s, F/Pcy = 0,97, anc tre
nurber of buce 11ng waves wore 1r agrrement with the classical solutior. hext, the code was run for a condr-
tion of uniform ax1al lcaedirg to exarine the effect of the hole, As expected, the bockling waves formea
around the hole and the criti al load was reduced to 15% of that for & Cylinder containing no hole. Thus,
the andlytical selution pred cts that the cutout causes 8 much qreater reduction in buckling load than is
predicted bty ary of the eapeviments, This 1 in accordance with the speculation, mentioned in the prececing
section, that the more nearly “"perfect™ the virQin Cylinder the greate- the effect of the cutout,

The analyticel model way then mdified to simulate 100% reinforcement, applied according to ASM{.ARM,
Tre applied load was uniformly distributed, For this case, the buckling Ypad way found to be 74% of Pe,
(1.e,, P/Pc} * 0,74), and the buckVing began around the hole. Thus, the analytical solution predicty that
100% ARM reinforcement greatly increases the buckling strength of a cylinder containing o Cutout, but it
fatls to confire that 20M AEF resnforcerent wil) restore the buck ling strength teo the value for the "no
cutout” conditfon. Because the cyvlinder $ti11 buckled around the hole, increasing the buckling loaad te or
atove the claseical value of o perfect cy)inder would probably require not only more reinforcing, but als
that it be spread further away from the hole than 1s a)lowed by the ARM method,

Findlly, the analytica) mode)l was used to investigate the effect of nonuniform loading, A $tydy of the
stratn reatiings ot tatned fron the gages located near the top of each test cylinder revealed thal the leoac
was, in most ceses, net unmiformly distributed arcund the circumference. The analytica) model with an un-
reinforced cutout was loaded to simulate the extremes in 1cad distribution indiceted by the strain gages.



TABLE 11
SUMMARY OF EXPERIMENTAL RESULTS

Test No.!  Cylinder Description? Reinforcement Buckling Load P/PeY P/Pg
(Ap/A in %) 1st Buckle Collapse % %
kN (1b) kN (1b) Note #3 Note #4
16 #1-=No zutout -- 36.9 53.7 26.4
(8300) (12,070)
2 #2--No cutout -- 32.9 43.8 21.6
(7400) (9840)
3 #3--No cutout .- 37.4 52.0 25.6
(8400) (11,690)
q #10--Cutout, no reinforcement 0 26.6 39.7 1.6 79.7
(5990) (8925)
5 #11--Cutout, no reinforcement 0 37.6 54.3 6.7 169
(8450) (12,200)
6 #4--Reinforced cutout 33 42.3 46.2 2¢.8 9z.¢
(9500) (10,390)
7 #8--Reinforced cutout 33 26.7 45.1 22.2 90.¢
(6000) {10,150)
12 #5--Reinforced cutout 76 28.0 45.6 3.9 ur, &
(6300) (10,920)
9 #6--Reinforced cutout 81 53.4 61.6 30.3 124
(12,000) {13,840)
10 #9--Keinforceo cutout 102 Note #5
o #7--Reinforced cutout 10¢ 53.4 59.5 29.3 e
(12,000) (13,370)
12 #12--Reinforced cutout 52 33.4 39.4 19.4 791
{7500) (8360}
12 #13--keinforced cutout [ 31.6 40.5% 19,9 £1.3
(7100) (9100)
e,
1. ln cnrerclogical oraer,

¢. For all cylingers: R/t = 460, h/2k = 1.09
For ell cutouts: 7 o rq KL » 3,64,

3. 0°F «  (ollapse buckling load
¢l *  Butkling 1nad as computed by classical theory = 202 kN (85,630 1b).

4. Py +  Avecage collapse buckling load for the three cylinders without cutcut = 49.7 N (11,200 1b).

5. frryr o0 testing (goof); buckleg at unknown load.

L. Or the first test orly, testing machine on load control, Or A}l other tests, testing machine o
stroke control of 0.5 me/min,

Rth the load applied over the cutout incressed to 26X above the average load, the predicted P/Pg)
ratio 1y 17% (& comparee tu 188 with uniform loading), When the load applied over the cutout is
reduced by 4% below average load, the predicted P/P¢y ratic 1s 28X,

A1l of the results of these analytica) studies are summarized in “able 111, The authors note that
mary buckling tests repurtes tn the literature state that "the test cylinder was subject to & nniform
loag" but tn only 8 very few cases §5 data offered to verify this statement. The reported buchling



TABLE 111
SUMMARY OF ANALYTICAL STUDIES

Buckling Load P/Pcy
Perfect clender--unigg:; Toad "5&%8%5—_'T?§%¥%7' .97
Cylinder w/hole, ¥ = 3.5 (no other imperfection) 7,634 ( 33.96) 0.153
Cylinder w/hole, ¥ = 3.5, 100% reinforcement, 35,974  (164.5) 0.74
(no oth~r imperfection)
Cylinder w/hole, (Hole over loaded by 26%) 6,107 ( 27.16) 0.12
Cylinder w/hole, (Hole under loaded by 43%) 13,854 ( 61.62) 0.28

strengths range from 0.19 < P/P.y < 0.60 for R/t » 460, and, in most cases, mperfectiors are usec to
explain this wide variation in results, It i¢ the authors' opinjon, based on the preceding analysis, that
nonuniform loading is also an important, and often unknown, contributor to the wide scatter in the
experimental data.

Conclusions:

The exact valves of the buckling load of a fabricated steel shell without & cutout may vary within rather
wide 1imits., When a cutout is introduced into that shell, the effect of the cutout on the buckling loac
depends not only on the size of the cutout, but, also, on the buckling strength of the virgin shell. Further-
more, the ?ffect that reinforcement of the cutout will have also depends upon the buckling strengtn of the
virgin shell,

When & cutout 1s made in a fabricated steel shell of poor quality (low P/P¢y or 10w value of knockdown
factor, presumably due to larac initial imperfections), the buckling load may be reduced only slightly, or
not at all, by the cutout, anc reinforcement will have 1ittle or no effect. In this case, the margin to
failure is ensured by the conservative knockdown factor required by the ASME code, Reinforc2ment of cutouts,
according to the ASME-ARM, should en-ure that if the buckling strength of the shell is not governed by in-

t1al irperfections the effect of the cutout will be reduied by the reinforcement and the margin to failure
w11\ be increased above the value ensurec by the use of a conservative knockdown factor,

An investigation of the importarce of loading corditicne is needed to 1) better understancd the sc callec
‘simple' loac cases usec tc irnvestigate the importance of imperfections and to check theory, and ?) because
variation in loading conditions is a certainty in the real world,
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